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Low temperature photoluminescence and Auger electron spectroscopy
(AES) are used to study SiO2 and Si3Na as encapsulants for high temperature
annealing of GaAs. These encapsulants are used in the fabrication of
planar diodes in Gads, and the resulting electrical and optical properties
of the devices are examined.

Silicon dioxide or silicon oxy-nitride layers allow the outdif-
fusion of Ga when they are used to encapsulate GaAs during high temperature
annealing. In contrast, silicon nitride layers which are essentially free
of oxygen can be used to anneal GaAs with negligible Ga outdiffusion. A
versatile rf plasma deposition system capable of depositing high quality
Si3N4 films at low temperatures is described. In this system, reacting
gases are introduced into the reaction chamber separately, and great care
is taken to reduce residual oxygen in the system. Composition (ratio of
silicon to nitrogen), index of refraction, etch rate, and deposition rate
are reported for films deposited under various conditions. Electrical
characterization of the Si3N4 films is also presented.

Ion implantation of Be is used to fabricate planar Gads p-n junc-
tions. The most critical processing step is the use of an essentially
oxygen~free Si3N4 layer as an encapsulant during the post implantation
anneal. Current-voltage characteristics are presented for Be-implanted
devices fabricated with SiOZ, SixoyNz, or Si_N, as the encapsulant. Leak-
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diameter devices have been obtained using '"oxygen-free" Si3Na encapsulation.

; Diodes fabricated with SiO2

higher reverse leakage currents. Planar avalanche photodiodes fabricated

or SixOyNz encapsulants exhibit significantly

with Be implantation and Si3Na encapsulation demonstrate quantum efficien-
cies of 757 at 87508 for devices with junction depths of l.gym, p-type dop-

ing levels of 10 %em 3

, and no intentional antireflection coating. Avalanche
gains of 10-15 have been measured.

Current-voltage characteristics for devices fabricated by Be
implantation into LPE and VPE GaAs are compared, as well as characteristics
of Zn-implanted and Zn-diffused devices. Also, preliminary studies are

presented which indicate negligible lateral diffusion of Be when proper fab-
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1. INTRODUCTION

Present and projected requirements for high speed digital devices
in signal processing [1-4], microwave devices, and opto-electronic elements
[5] have created considerable interest in GaAs planar device fabrication.
The higher electron mobility and saturation velocity of GaAs and the avail-
ability of semi-insulating GaAs substrate material make this material very
attractive for high speed integrated circuits with low speed-power products.
While early work in GaAs integrated circuits used etched mesas and epitaxial
or single implant fabrication [6-10], the development of a planar GaAs IC
technology is necessary to reduce the power dissipation to levels compatible
with LSI [1-3,11). The use of selective ion implantation is essential for
such a planar technology [1-3]. Ion implantation, with its proven uniform-
ity, reproducibility, and versatility, can be used for multiple localized
implants into isolated areas on semi-insulating substrates. This allows
one to optimize various circuit elements and increase the packing density.

Most work in GaAs IC's has been centered on using MESFET's as the
active circuit eiement, but studies show that the dissipated power can be
decreased considerably with only a slight decrease in speed if JFET's are
used instead [3]. This reduced power would allow higher packing densities
and higher levels of integration. Currently Zn diffusions are used for
the p-type regions in these studies, but because of problems with Zn {12-
14], the size and performance of these devices are limited. An attractive
alternative to Zn is Be introduced by ion implantation.

For integrated circuit applications, planar junctions must be
introduced using some form of selective masking, with lateral diffusion
under the mask tolerable on the scale of device dimensions. A versatile

IC technology also requires junctions which exhibit low reverse leakage




current, high breakdown voltage, and low forward resistance. It has been
shown that junctions meeting these criteria can be fabricated in GaiAs by
ion implantation of Be [13,15,16]. Selective beryllium implantation into
various III-V compounds has also been used to make high quality optical
waveguides [1/,, varactors [18], detectors [16,19], FET's [20], and light-
emitting diodes [21].

While ion implantation seems to be the best method by far for
fabricating Gads integrated circuits, there are certain problems associated
with ion implantation which have not been fully solved. Considerable lat-
tice damage is introduced during the implantation process, especially for
high dose or heavy-ion implants. To reorder the crystal and activate the
implanted impurity, the sample must be annealed at a high temperature.

This high temperature anneal is relatively straightforward for silicon, but
problems are encountered when annealing the III-V semiconductors. In Gaas,
for example, the high vapor pressure of As results in considerable surface
degradation at temperatures as low as 600°C [22]. It is therefore necessary
to encapsulate the sample with a suitable dielectric layer [15,23—31] or to
perform the anneal in a carefully controlled ambient [32—353.

In this work we have used photoluminescence and Auger depth pro-
files to study the encapsulating properties of silicon dioxide, silicon
nitride, and oxy-nitride. A system capable of depositing high quality
oxygen-free silicon nitride layers using an rf plasma is described. Prop-
erties of both the system and the resulting deposited films are presented.
Finally, these encapsulants are used in conjunction with ion implantation
and photolithographic procedures to form planar p-n junctions in GaAs. The
electrical properties of these junctions are presented, along with some

optical properties of Be-implanted GaAs avalanche photodiodes.




In the remainder of this section some backgrouind iaformation an
ion implantation and encapsulation of III-V compounds is presented as 2an

introduction.

1.1. TIon Implantation

Ton implantation is now a standard technique of doping s2nicon-
ductors and has been extensively reviewed in the literature [36—40].
Basically, ion implantation consists of energetic ions entering the sub-
strate and losing energy through collisions with the lattice until they
come to rest in the substrate., The distribution of ions in the substrate
is a function of the incident ion species and its energy, along with prop-
erties of the substrate material. The two major forms of energy loss for
the incoming i1on are interactions with the electrons of the substrate atoms
and collisions with the nuclei., While only approximately true, these two
loss mechanisms can be assumed to be independent of one another. Under

this assumption we can write

-dE _
== = x5 (8) + 5(8)] (1.1)

where £ is the energy of the ion at a point x along its path, Sn(E) is the
nuciear stopping power, Se(E) is the electronic stopping power, and N is
the asc<rage number of target atoms per unit volume.,

To a fairly good approximation, the nuclear stopping power can be
assumed to be elastic scattering processes, independent of one another. In
the context of these assumptions, the collisions can be treated with classi-
cal mechanics., When a potential which takes into account the screening of
electrons is used, fairly accurate values of the nuclear stopping power can
be obtained.

The electronic stopping power is more difficult to compute
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theoretically. There are basically two different models that have be-n used
to calculate this quantity. The first method approximates the electrons in
the target by a free electron gas. In this approximation the ion loses
energy by collisions with the electrons and excitation of plasma resonances.
For ion velocities less than that of an electron having an energy below the
Fermi energy of the gas, Lendhard and Winther [41] have shown that Se(E) can
be given by

%

Se(E) = CV = KkE (1.2)

where the parameter k is a function of the ion and substrate involved.

The other model, proposed by Firsov [42], is based on the elec-
tronic interactions in a two-body collision. The process may be visualized
by the two atoms forming a "quasi-molecule' as they approach each other.

The atoms will exchange outer electrons as they attempt to form a molecule.
These electrons will take on the net momentum of the "quasi-molecule",
When the atoms separate again, the incoming ion will have lost energy to
the stationary one. While the Firsov model assumes participation of all
the electrons, it is more appropriate to assume some screening from the
inner electrons. Electronic stopping power is more important for high
energies and light ions, while nuclear stopping is the major force for low
energies and heavy ions.

Once Sn and Se are known, they can be substituted into equation
1.1, and the total distance or range (R) the ion travels on its winding path
in the substrate can be found. Experimentally, we can only observe the dis-
tance travelled perpendicular to the surface, the projected range (Rp).
Also, since the ions suffer collisions in a random fashion, the ions will
come to rest in some type of distribution about the projected range. The

spread of the distribution is defined by the standard deviation (aR), and

Trvame



the spread perpendicular to the surface is described by the projected stand-
ard deviation (ARP).

Differential equations for computing Rp and ARp have been derived
by Lindhard, Scharff, and Schiott [AB]. This theory, henceforth referred
to as LSS, describes the basic features of the implanted profile. The

implanted profile can usually be approximated by a gaussian function given by

~(x - R)?

= R
N(x) Np exp 2ARp (1.3

where N(x) is the concentration of atoms (cm—3) at a point x and Np is the

peak concentration. This peak concentration is expressed by

0.4 ,
Np _ZT ND (1-4)
p
where ND is the fluence or dose of the implant expressed in atoms/cmz.

Values of Rp, ARp, and related quantities have been tabulated for various
ions and substrates [44]. Distortion of the profile when higher order
moments are considered has also been described [4&].

While the LSS theory gives fairly accurate impurity profiles for
unannealed samples, the distribution can change drastically after the
annealing process necessary to restructure the crystal and activate the
impurities. Considerable work has been done to study how various impuri-
ties diffuse during annealing and how well the impurities are electrically
and optically activated. Both of these pieces of information are essential
in fabricating devices with tie desired doping profiles.

The implantation process consists basically of forming a plasma
containing the desired ions, accelerating the ions to a predetermined
energy, selecting only the appropriate ion species out of the beam by mass

separation, and directing the ions uniformly onto the substrate by scanning




the beam in some manner. The charge hitting the sample is countered so that
the desired dose of impurities can be obtained. A schematic diagram of the
300 keV Accelerators, Inc. 300-MP ion implanter used in this work is shown

in Figure 1.1.

1.2. Encapsulation

One of the major problems with ion implantation of III-V semicon~
ductors is the dissociation of the surface at the temperatures required for
annealing. In GaAs, for example, considerable surface degradation occurs
at temperatures as low as 600°C [22]. Because of this, the surface must be
protected during the anneal by an encapsulating layer of a suitable dielec-
tric or by annealing in a carefully controlled atmosphere [32-35]. Dielec-
trics used to encapsulate GaAs include SiO2 [26-30], ALN [31}, and Si3Na
deposited by chemical vapor deposition [23,24], reactive sputtering [25,26,
31], or rf plasma deposition [15,28,29]. Multilayered dielectric structures
have been used for encapsulation during anneals at higher temperatures
(1100°C) than have been achieved with single layers. However, indiffusion
of Si from the encapsulant raises questions about the usefulness of such
high temperature anneals [45].

Studies [29,30] have shown that Si0O. layers allow Ga outdiffusion

2
during high temperature anneals. This Ga outdiffusion greatly decreases the
electrical activation of donor impurities which must go on the As sites [46].
While the Ga outdiffusion can improve the electrical activation of dopants
which must incorporate on Ga sites [46], the reproducibility of the impurity
profile and the junction characteristics [15] are adversely affected.

The most widely used encapsulant for GaAs is Si3N4, which can be

deposited by several different methods. The most dense and chemically inert

Si3Na layers are deposited by a pyrolytic reaction between SiH4 and NH3 [47].

\




*upl1sds uotljeguridul uol 9yl Jo weadeip OT3IeULYOY

duwing uoisnyjig

dwing uoIsnyji() IA[DA DJ0A -1

SAJOA DDA-IH (2110DWOIND) 434Ny

Buimaip woag

1aquioy”) j8bipjy 3snosnn

buiuupog woag \

3AIDA UOHD|OST oro»odoo.ud
)}
puo
aqny 31N0S

13qwoy) oy o ?

yabin| puo —

_ puo .,\.l.,s)l\‘\wmawmmw\m\\\\\\
13j0.b3)uT SSON

woag

K

' 10j010daG UOT |DANAN

*1°1 @angiyg

(3poyip2 Joy)
304n0G U0 -
dwing uoisny g -

SA|DA J0A - IH
bumaip woag .

{s0%)
10}D10d3G SSDW

- aqny Buyoislpooy

- 9boo winnopp

3AJDA UOHDIOST

§ v

o

.




—~

This process, however, must be carried out at temperatures in excess of
6SO°C. In order to prevent surface degradation during the encapsulation,
the sample must be heated up very quickly (~6 sec,), and the film is depos-
ited rapidly (~9 sec.) [24]. Th.s process has been used successfully for

annealing GaAs samples when the implants are done through this Si NQ layer,

3
This system cannot be used for all types of devices, however, and cannot be
extended to other III-V compounds such as InP.

Reactive sputtering and rf plasma deposition can be used to

deposit Si N4 at lower temperatures, and both of these methods have been

3
used successfully to anneal ion implanted GaAs. Very little analysis of
sputtered S'13N4 as an encapsulant has been reported, but considerable work
has been done with rf plasma deposited Si3N4 [47—55]. Silicon nitride lay-
ers can be plasma deposited over a wide range of temperatures (ZSO-SOOOC)
and chemical compositions, and these films can be used in the annealing of
a variety of III-V compounds, including InP and InxGal_xAsyPl_y (56]. 1In
this work we have developed a system for depositing high quality Si3Na
2 and SiHQ. While

to increase deposition rates, problems with

layers using an inductively coupled plasma to react N
many rf plasma systems use NH3

handling and purification of NH3 can be avoided by using NZ’ which can be
obtained in extremely pure form. A description of the system developed in
this work, along with the characteristics of the resulting films, will be
presented in section 2., Commercial systems for plasma deposition of Si3N4
have generally been designed for use in Si device fabrication and are not
necessarily optimized for use with GaAs. In particular, such commercial
systems result in nitride films which contain considerable oxygen. The sys-

tem used in this work is designed specifically to be used for encapsulating

I1I-V compounds with high quality "oxygen-free" Si3Na.
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Recently, success with laser and electron beam annealing of Si
has generated work on beam annealing of ion implanted GaAs. This work has
met with some limited success [57-59], but as with thermal annealing, the
problems associated with beam annealing of Gads are much greater than is the

case with silicon.
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2. ENCAPSULATION STUDIES

For an encapsulant to be used successfully, it must not only pre-
vent deterioration of the physical appearance of the sample during the
anneal, but it must also maintain the chemical composition of the encapsu-
lated surface., In this study, the encapsulating properties of chemic~1

vapor deposited (CVD) SiO2 and rf plasma deposited Si Na layers were exam-

3
ined.

Low temperature photoluminescence (PL) and Auger electron spectro-
scopy (AES) were used to investigate the encapsulating properties of the
films during the high temperature anneals. Rutherford backscattering (RBS)
and ellipsometry measurements were also used to study some of the chemical

and physical properties of the rf plasma deposited Si Na layers for various

3

deposition conditions.

2.1. Deposition Systems

Four different deposition systems were used to deposit the various
dielectric films used in the encapsulation studies. One system was used to
deposit SiO2 by the oxidation of silane, and the other three systems were

rf plasma deposition systems used for depositing the Si3N4 layers.

2.1.1. Silicon Dioxide Deposition
The SiO2 films were deposited by a CVD reaction involving a mixture
of silane, oxygen, and nitrogen flowing over the sample mounted on a heated
plate [60] (Figure 2.1).
Before the deposition, the gas lines and chamber are purged with
nitrogen while the hot plate comes up to temperature, After the system is

up to temperature, the gas lines are switched over from nitrogen to the

gases used during the deposition. The three gas lines carry N2 as a carrier
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Figure 2.1, Schematic diagram of silicon dioxide reactor [61].




12
gas, 02, and 2% SiHQ in a nitrogen carrier. The reacting gases are flowed
through the chamber for several ninutes with no samples present in order to
remove the N2 used for purging the lines. The silane is then shut off and
the glass chamber removed from the hot plate., The samples are placed on the
heater and the chamber is replaced. After the sample has come to temperature
and the flowing N2 and 02 have displaced any atmosphere that was introduced
while loading the samples, the flow of SiHa is resumed and deposition takes
place., After the deposition the silane is again turned off and the samples
are removed.

The flow of gases is controlled by needle valves and monitored by
flowmeters. The approximate flow rates were ~80 standard cubic centimeters
per minute (SCCM) of N

, ~1l.1 SCCM of 0,, and ~28 SCCM of 2% SiH4 with 98%

2 2
NZ' Films were deposited at ~450°C and were typically 1500 to 20008 thick.

2.1.2. RF Plasma Deposited Silicon Nitride

As discussed in section 1.2, there are advantages in using rf
plasma deposition instead of other processes for depositing silicon nitride.
All of the Si3Na films used in this study were deposited by rf induced
plasmas.

There were two types of nitride systems used in this work. Those
nitrides labeled A in section 2.2 were deposited in a system where the silane
and nitrogen were mixed prior to their introduction to the reaction chamber
(Figure 2.2). Those nitrides referred to as type B in section 2.2 and those
analyzed in section 2.3 were deposited in a system where the reacting gases
were introduced separately [48]. The nitrogen is introduced into the top
of the chamber and passes through the inductively coupled rf field. The

silane diluted in argon is introduced just above the surface of the sample

-

and below the rf coil (Figure 2.3). ‘
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All of the systems used for depositing Si Na layers emploved
liquid nitrogen trapped oil diffusion pumps to evacuate the chamber and gas
lines before deposition and a mechanical pump for pumping during the actual
deposition.

The systems used in the annealing study of section 2.2 both used
the same vacuum system and most of the same gas lines. The only difference
in the hardware was the reaction chamber. The chamber used for depositing

Si3N4(A) was simply a Pyrex cylinder with an rf coil around it. All gases

were brought in through the single gas line at the top. Films of type Si N,4

(B) were deposited in a chamber which consisted of a Pvrex cylinder with one
gas line feeding in just above the sample through a Kovar-glass graded seal.

The 2% SiH4 in Ar entered through this opening, and the N2 was fed into the

top of the chamber.
Deposition procedures for the two systems were essentially the
same. After loading the samples into the system, the chamber and the gas

lines leading from the chamber to the metering valves were pumped out using

the diffusion pump. Typical pressures for these systems were 1-2 X 10-5

torr. Next, the valve to the diffusion pump was closed and the SiHQ and

carrier gas were introduced. Then, while pumping with the mechanical pump,
the pressure was adjusted to 0.125 torr by the needle valve in the SiH4

line. For Si3N4(A) layers, the gas used was 157 SiH4 in Nz; for Si3N4(B)

layers the gas used was 2% SiHQ in Ar. As mentioned above, the 2% SiH

introduced into the side of the chamber in system B. After the pressure was

4, was
stabilized, N2 was metered into the top of the chamber, bringing the total
pressure to 0.4 torr. The samples were then quickly heated to 450°¢C (<30

sec,) and the discharge was initiated. When the desired film thickness was

obtained, the rf power was turned off and the chamber was again evacuated




before venting with nitrogen.

The third system was similar in design to that used for SiBNé(B)
layers, but was considerably upgraded. The vacuum svstem was improved to
increase the pumping speed and decrease the ultimate vacuum obtainable.
Mass flowmeters were used in the gas lines to monitor the flow rates. A
gas dispersing ring was added to improve the flow of Sng over the samplea.
Finally, a metal shutter was used to shield the samples from any discharge
in the chamber before deposition.

The deposition procedure was slightly different for this upgraded
system. After the samples were loaded, the chamber and gas lines were
pumped down to <3 X ].O-6 torr. The high vacuum valve was then closed and
the N2 flow was set while pumping with the mechanical pump. Typically the
flow rate was 50 SCCM at a pressure of ~0.3 torr. Then, with the shutter
covering the sample, the rf power was turned on and a nitrogen discharge was
initiated to help remove remaining oxygen from the system. After running
the nitrogen discharge for a few minutes, the rf power was turned off and
the shutter was moved away from the sample. The NZ and SiHa + Ar flow rates
were then set to those desired for the deposition. For most encapsulation
work the flow rates were 50 SCCM for N2 and 11-12.6 SCCM for the 2% SiH4 in
Ar. When the flow rates were set, the sample was quickly heated to 300°-
350°C and the discharge was initiated. When the desired film thickness was
obtained, the rf power and gases were turned cff and the chamber was evacu-
ated before venting with nitrogen.

Studies [29] presented in section 2.2 show that there was consid-
erable difference between the nitride layers deposited when the gases were

mixed before introduction into the chamber (Si3N4(A)) and the layers depos-

ited when the gases were introduced separately (Si3Na(B)). The major

i

y
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difference between the films was the oxygan 12vel, In the Si3N4\A) fiims
the oxvgen content was much higher., It 15 belileved that oy introduciny “he

O ST

Sng into the chamber telow the rf coil, the probabilisv of the silane rTeoact-
ing with oxygen in the system is decreased. A possidle reason for this is
that by letting only the NZ pass through the rf coil and not the SiEJ, sore
of the oxygen is tied up in nitrogen compounds and cannot react with the
SiHa. Another possibility is that since the SiHa itself is not excited bv
the plasma, it cannot react with residual oxvgen as easilv. It is not clear,
however, exactly what the mechanism is.

Films deposited by the two systems in which the gases were intro-
duced separately were of comparable quality, with those films deposited in
the upgraded system being slightly better. Even though the films deposited
in the upgraded system were of slightly better quality and much more repro-
ducible, the films from the older system were used in the study of section
2.2, This was done to eliminate the possibility of the difference between
the two types of nitrides being due to a better vacuum system and better con-
trol.

It was found that running a nitrogen discharge before the actual
deposition also decreases the oxygen content of the f’lms. The degree of

improvement obtained varies with the amount of Si Na deposited on the inter-

3
ior of the chamber. Little is gained by the use of a nitrogen discharge if
the inside of the chamber is very clean, but there can be substantial improve-
ment when the chamber is "dirty". This seems to indicate that the nitrogen
plasma acts to “scrub” the walls and remove some of the adsorbed oxygen.
However, some problems have been observed with running a nitrogen discharge

prior to deposition. 1In all II1I-V compounds we have coated, exposure of the

sample to the nitrogen discharge adversely affected the adhesion of the Si3Na




Ea

film. This problem has been avoided by using the shutter to shield the

7]

sample during the discharge. There was, however, never anyv adhesion prob-

lem observed for Si3N4 on Si.

2.2. Annealing Studies

It is well known from diffusion experiments in Si that Ga has a
very high diffusion coefficient in SiO2 [62]. Gyulai et al. [30] have used
proton backscattering spectrometry to show that SiO2 layers on Gads permit
outdiffusion of Ga. Previous low temperature photoluminescence studies of
GaAs [63] have demonstrated the growth of emission bands from anneals under
various conditions. A broad band with a peak near 1.356 eV has been corre-
lated with the outdiffusion of Ga [63]. There is other evidence to suggest
that this band is related to the incorporation of Cu on Ga sites {54,653 as
Ga atoms are lost due to outdiffusion. In either case, this band can be
directly or indirectly attributed to Ga loss.

In this work, the 1.356 eV photoluminescence band was monitored
after annealing with three types of encapsulation, and the encapsulant films
were examined for Ga outdiffusion using AES. The three encapsulants studied
were silicon dioxide, silicon nitride, and oxygen-contaminated silicon
nitride. All were deposited on semi-insulating GaAs and annealed at 900°c.
The anneals were performed in a 12" Trans Temp furnace with a silica liner.

The atmosphere during the anneals was flowing forming gas (4% H, in high pur-

2
ity NZ)’ and the temperature was monitored with a chromel-alumel thermocouple

and Fluke 2100A digital thermometer.

2.2.1. Photoluminescence Studies
A schematic diagram of the front-face photoluminescence apparatus

used in this study is shown in Figure 2.4. After removing the encapsulating
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layer, the photoluminescence samples were pressed into indium-wetted copper
heat sinks [66]. The sample/heat sink assembly was held at 5°K in a Janis
Super-Varitenp gas exchange cryostat., Photoluminescence was excited by the
51458 line from an Ar-Kr ion laser. Spectra were recorded using a 0.5m
scanning spectrometer and a cooled (77°x) photomultiplier with 5-1 respons=2.

Figure 2.5 shows the 59K photoluminescence spectra obtained from
the GaAs samples annealed at 900°C with various encapsulants. Figure 2.5(a)
illustrates that when a sample is annealed with SiO2 encapsulation, z broad
luminescence band is observed with a peak at ..356 eV. This defect band is
related to Ga outdiffusion, as discussed above. Although the Si0, films
used in this work are considerably better than those studied previously {b3],
Ga outdiffusion is still quite evident from this peak.

The PL spectrum from a sample annealed with Si3Na(A) encapsulation
is shown in Figure 2.5(b). This spectrum also clearly indicated Ga loss from
the GaAs. The lower energy peaks associated with the 1.356 eV band in Figure
2.5 are phonon replicas of the main zero-phonon peak. These peaks are sep-
arated by ~36 meV, the LO phonon energy in GaAs [67]. As discussed in sec-
tion 2.1, Si3N4(A) was prepared by mixing the nitrogen and silane prior to
their introduction into the plasma in the reaction chamber. In section 2.2.2,
AES studies will show the presence of a uniformly high level of oxygen within
the film.

Figure 2.5(c) displays the PL spectrum obtained from a sample with
Si3N4(B) encapsulation annealed at 900°C for 2 hr. A weak 1.356 eV band is
seen. In a sample annealed with such an encapsulant for 1 hr. the intensity
of the 1.356 eV band was very weak, similar to the spectrum shown in Figure
2.5(e). The absence of a strong defect PL band even after the 2 hr. anneal

suggests that Si3Na(B) effectively suppresses Ga outdiffusion. The Si3N4(B)
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layers were deposited in the system where the nitrogen and silane are intro-
duced into the chamber separately, as discussed in section 2.1. The AES
studies show that while the Si3Na(A) films have a high concentration of
oxygen, the oxygen content of the Si3Na(B) films is barely detectable.

Annealing studies were also carried out using some multilayered
dielectrics as the encapsulant. Figure 2.5(d) shows the PL spectrum obtained
when a Si3N4(B)/SiO

dielectric layer (SiO, in contact with the GaAs) was

2 2
used as the encapsulant. The 1.356 eV band is observed, although the inten-

sity of this band is weaker than the case where SiO, alone is used (Figure

2
2.5(a)). When the order of layers is reversed (Si02/5i3N4(B)) so that the
Si3N4(B) is in contact with the GaAs, no band is observed at 1.356 eV (Figure
2.5(e)). This spectrum is essentially the same as that of Si3N4(B) alone
after a 1 hr. anneal; no improvement was seen with the addition of the Si02

layer.

2.2.2. Auger Electron Spectroscopy Studies

Auger electron spectra (AES) and depth profiles were obtained
using either a conventional Physical Electronics Industries Model 545 scan-
ning Auger microprobe (SAM) or a custom-built thin film analyzer (TFA) [68].
Incident electron beam energies were 6 keV (SAM) or 5 keV (TFA) with typical
beam currents of 5 and 70um respectively. In both systems ion sputtering
was performéd with 2 keV Ar+ using either stationary beams from two ion guns
in lateral opposition (SAM) or an electrically rastered beam from one ion
gun (TFA). Both systems were optimized for maximum depth resoluticn. Com-
parative studies on the two instruments gave statistically insignificant
differences, and they are therefore considered essentially equivalent. Some
of the analysis techniques used in this study have been described in detail

elsewhere [68]. First, an Auger spectrum of the sample surface is taken

-,
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prior to sputtering. A second complete spectrum is racorded after an "ion
dusting'", removing ~203 for comparison with the unsputtered surface. Tinally,
conventional multiplexer depth profiling is performed for the specific ele-
ments of interest. To avoid charging of the dielectric layers during anal-
ysis, samples were mouited at grazing incidence to the electron beam (300).
However, in some cases severe charging was observed and no useful analytical
information could be obtained. Subsequent examination of such encapsulants
by scanning electron microscopy showed a high degree of surface roughness.
Data presented here are from samples which did not exhibit charging phenomena.
An Auger depth profile of a GaAs sample encapsulated with SiO2
and annealed for 1 hr. at 900°C is shown in Figure 2.6. A detectable Ga
signal is observed in the surface Auger spectrum (see Figure 2.6 inset),
Since the sample was encapsulated on all sides during the anneal, the pres-
ence of Ga at the surface indicates diffusion of Ga from the substrate through
the Si0, layer. However, no Ga was detected within the SiQ

2
This is presumably due to the solid solubility of Ga in SiO

2 layer itself.

2 being below
the Auger detection 1limit of ~0.5 atomic percent. The observation of sur-
face Ga together with the photoluminescence results clearly indicate Ga out-

diffusion through the Si0O, layers.

2
Figure 2.7(a) shows the AES depth profile of a sample annealed with
Si3Na(A) at 900°C for 1 hr. As with the SiO2 films, a Ga signal is present
on the surface of the film. In addition, there is a detectable Ga signal
throughout the Si3N4(A) film. Again, the AES studies of these films are in
agreement with the PL data and clearly indicate Ga outdiffusion. The AES
depth profile also shows a uniformly high level of oxygen within the film.

As discussed in section 2.1, the si3N4<A) films were prepared by mixing the

silane and nitrogen prior to their introduction into the reaction chamber,




Relative Intensity (arbitrary units

Figure 2.6.

™
Gal0/0eV

- g v ot 4 SV ST,

5 10 15
Sputtering Time (min)

GaAs Substrate

Annealed 1hr.
at 900 °C

20 25

Auger depth profile obtained from a GaAs sample

annealed at 900°C for 1 hr.

The inset

illustrates the Ga Auger spectrum observed at
the 510, surface prior to sputtering [29].




[R%)
w

—~
b*\Go 1070 eV SizNa

GaAs Substrate

£100- —
= i Annealed 1Hr.
3 4 Fie s T °
Y : at 900°C
5 80-¥ Si :
g7, " Ga
S 7, N .
860- ) “W“‘s -: ,..
N I
> T M : a&\ g
240" N L)
_9_-) ¢ AA O ‘AA ":\
c - s, » A s ’*\R:
— '\A‘A\ 4 “5&.% o’ o
3 20- T et S ::,;%
.. .
@ o T s
0 10 20 30 40
Sputtering Time (min)
sl
GalO70eVv
»
+=100- \/
g M@Mx’ Si3N4
> Si i (8) |GaAs Substrate
S e0-
5 - 1 Annealed 1Hr.
s 60- N at 900°C
- PP
"? ﬁ*“vew“weoéew i
C 40- i
O “ Ga
T - i
— \
220 0 A
— - / ‘A\‘
Ec) 0 . /\ﬁeﬂ‘*rl‘/&\&u ﬂ\l"/ \k
0 20 40 60 80

Sputtering Time (min)

Figure 2.7. Auger depth profiles obtained from GaAs samples encapsulated

WICh (a) 513V (A) and (b) Si 3, 4(B) layers and annealed at
900 C for 1 iir. The insets 111ustrate the Ga Auger spectra
at the Si,N, surfaces prior to sputtering [29].




and both gases were exposed to the tf plasma.

The AES depth profile of samples annealed with Si3Na(B) for 1 hr.
at 900°¢ (Figure 2.7(b)) shcws no Ga signal detectable either in the surface
spectrum or within the film itself. The lack of Ga outdiffusion in these
films is in agreement with the PL studies, It is important to note the oxy-
gen level in the Si3Na(B) films. The signal is barely above the detection
limit of ~0.1 atomic percent. This level is at least an order of magnitude

lower than the oxygen level observed in Si NQ(A). The interface between the

3
GaAs and Si3N4 is also much sharper for Si3Na(B). As discussed in section
2.1, Si3Na(B) was deposited in a system where the nitrogen and silane are
introduced into the chamber separately, with the silane introduced below the
rf coil and just above the sample.

Auger depth profiles were also obtained from samples annealed
with multiple~-layer encapsulants. Figure 2.8 shows the AES depth profiles
of samples annealed at 900°C for 1 hr. after being coated first with SiO2

and then with Si_N When the top layer was Si3N4(A) (Figure 2.8(a)), strong

374"
oxygen and gallium signals were present in the nitride layer. The presence
of the strong Ga signal is another indication that the Ga diffuses quickly
through the SiO2 layer, even though none is observed within the layer. As
expected, no Ga is seen in the Si3Na(B) layer (Figure 2.8(b)), and very
little oxygen is detected. No Ga buildup was observed at the oxide-nitride
interfaces in any of the cases studied.

Both the PL and AES studies show that Ga is lost from samples
annealed with either SiO2 or Si3N4 with high oxygen content. Silicon nitride
which is essentially oxygen-free does serve as a good encapsulant and pre-

vents Ga outdiffusion. Studies of junction characteristics of implanted p-n

junctions [15] (presented in section 3.3) also support the suitability of

—




ro
~ ¢

»
Ga 1070 eV
c P
2 ™ o) Si
280 " N e,
g et Ga
é ':‘ -: \-."‘
o 60 R N -
(a)= N
3 E;.r““dh 3
@ 40" 2 T
< : GaAs Substrate
E f |
v 20 3 Annealed 1hr.
z ! e at 900°C
o m;\ “\'_ )
O 0 -t ot i pm b WY 1
@ 0 20 40 60 80

Sputtering Time (min)

"

Gal070 eV

GaAs Substrate

20- J\} f . A Annealed 1hr.
i K at 300°C

Relative Intensity (arbitrary units)
D
Q.
yd
/(
\? —
o2\
£

0 20 40 60 80
Sputtering Time (min)

Figure 2.8. Auger depth profiles obtained from GaAds samples encapsulated with
(a) Si3N4(A)/Sig and (b) Si3N4(B)/SiOZ layered dielectrics and
annealed at 900°C for 1 hr. The insets illustrate the Ga Auger
spectra at the Si N, surfaces prior to sputtering [29].




"oxygen-free" Si N4 as an encapsulant.

3

2.3. Characteristics of the "Oxvgen~Free" Svsten

In order to better characterize the rf plasma Si NQ systam and the

3
films deposited in it, depositions were made under varying gas flow condi-
tions, and the resulting films were then analyzed. Film composition, index
of refraction, deposition rate, and etch rate were measurad for the various
films. All Si3Na layers in this study were deposited in the upgraded version
of the Si3N4 system discussed in section 2.1.2. The films were all deposited
at 300°C with the gas pressure in the chamber held at approximately 0.3 torw.

The atomic composition of the deposited nitride layers was meas-
ured by Rutherford backscattering (RBS) measurements [69]. To facilitate
this measurement, silicon nitride layers were deposited on carbon layers
which had been previously deposited on silicon substrates. The index of
refraction was obtained from ellipsometry measurements [70] using the 63238
line of a He-~Ne laser. Index of refraction, deposition rate, and etch rate
measurements were made on films deposited on Si substrates. After cleaning
with organic solvents, the silicon substrates were cleaned in hot éolutions
of 5 H20=1 NHQOHzl HZO2 and S HZO:I HC1l:1 HZO2 and then rinsed in deionized
water (DI). Finally, they were dipped in HF and again rinsed in DI and
blown dry with nitrogen.

Table 2.1 1ists the film composition, deposition rate, index of
refraction, and etch rate in 207 HF for nitride layers deposited with vari-
ous nitrogen to silane (NZ:SiHQ) flow rate ratios. The silane used in the
system is diluted to 2% silane, with the balance being argon. This dilution
was taken into account in calculating the flow rate ratios. The total flow
rate of gases (N_,, SiH,, and Ar) used in this study was 57 to 64 SCCM.

2! 4!

As can be seen from table 2.1, there was considerable excess
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silicon in the films deposited with the lower N,j:SiH. ratios., The stoichio-

-+

metric ratio of silicon to nitrogen (Si:N = 0.75) was obtained for a flow

the presence of a weak surface oxygen peak but no detectable oxvgen signaal
within the ~ilm. The sensitivity of this RBS technique to oxvgen was
than about 2 atomic percent.

Figure 2.9 shows the variation of the index of refraction of the
films as a function of the ratio of gas flow rates. The index of refraction

increases very rapidly as the N :SiH4 ratio decreases below 200. For ratios

2
of N2=SiHa greater than about 200, the index of refraction tends to level
off between 1.9 and 2.0.

The relationship between the index of refraction and the nitride
composition is shown in Figure 2.10. The results show that the index of
refraction increases linearly with the Si:N ratio. The arrow in this figure
shows the point where the Si:N ratio (determined by RBS) is that of stoi-
chiometric Si3Na. At this point the index of refraction is approximately

1.98, a reasonable value for high quality Si For films with very low

3Na.
oxygen content, this relationship can be conveniently used to determine the
composition of the film by measuring the index of refraction. The presence
of oxygen in the film lowers the index of refraction towards that of SiO2
(1.48), and the index of refraction can no longer be used as a measure of
film composition.

In Figure 2.11, the nitride deposition rate and etch rate in 207
HF are shown as functions of film composition. The etch rate dramatically
decreases as excess silicon is incorporated in the film. Similar studies

of plasma deposited nitrides [53,54] report a maximum in the etch rate at

the stoichiometric composition and lower etch rates for both nitrogen-rich

4

-4
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and silicon-rich films. In our films, the etch rate continued to increase
with excess nitrogen in the films. This behavior is in agreement with the
work of Kuwano [51]. The deposition rate was fairly constant for the
silicon-rich films but dropped off rapidly as the films became nitrogen-rich.

The etch rate of the Si3N4 films decreased as the deposition tem-
perature increased and also decreased after high temperature anneals. Wwhen
the films are contaminated with oxygen, the etch rate increases dramatically
and the index of refraction decreases.

Preliminary studies [71] of the hydrogen content of these films

using the resonant nuclear reaction

1H + ISN L 12

C+ “He + Y (2.1)
have determined that there is on the order of 10% hydrogen. In contrast to
this, other studies [72] have shown there to be on the order of 30% hyvdrogen
in plasma deposited Si3N4 layers. One possible explanation for the lower

hydrogen content is the use of N2 as the source of N rather than NH3. Since
there is less hydrogen in the discharge, there should be less in the film.
Another possibility is the slower deposition rate used for our films, yield-
ing a denser film with less trapped hydrogen.

In summary, the films deposited from this system had very repro-
ducible properties and very low oxygen content. The studies of sections 2.2

and 3 show that these low oxygen content films serve as excellent encapsu-

lants for GaAs during high temperature anneals.

2.4, Electrical Properties of RF Plasma Si Layers

3N,

Recent studies of low oxygen content Si3N4 films on GaAs suggest
a possible use in MIS-type devices [73,74]. As a part of this study, elec-
trical properties of Si3Na films deposited in the system discussed in sec-

tion 2.3 have been measured in collaboration with G. Y. Robinson and T. R.
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Ohnstein of the University of Minnesota. The films were deposited con both
p- and n-type Gads substrates at a temperature of 325°%c. 1In this study,
both capacitance~-voltage (C-V) and current-voltage neasurements of MIS diedes
were made to determine the bulk film properties and to characterize the
insulator/GaAs interface., Also, Auger electron spectroscopy was used to
determine the Si:N ratio and to detect any contamination present.

The Auger studies showed the Si:N ratio in the films to be between
0.75 and 1.0 and the oxygen contamination level to be 0.1 atomic percent or

¥, /Gads interface, but for

less. The oxygen level rose slightly at the SiBNa

samples with no intentional oxidation the oxygen level was still less than
~1 atomic percent at the interface.
The results of the electrical measurements for the plasma Si NQ

films were also compared to the properties of Si Na films formed by conven-

3

tional high temperature chemical vapor deposition and to films formed by

anodization of GaAs. The bulk properties of the plasma Si3Na films were

found to be superior to the anodic oxides, but slightly inferior to the pyro-

iytic Si Na films. The plasma films exhibited a breakdown field of 4.5 X

3
106v/cm, a resistivity of 3 X lolai-cm, a relative dielectric constant of
7.9, and an index of refraction, measured by ellipsometry, of 1.99. The com-

position of the plasma Si Na films was found to be very similar to the pyro-

3

1lytic Si3Na films, but with slightly lower oxygen contamination.

The electrical properties of the plasma Si_N, /GaAs interface, as

3N,
indicated by the frequency dispersion of the C-V characteristics, differed

from those measured for the oxide/GaAs and pyrolytic Si NalGaAs structures.

3

On p-type substrates, the plasma Si films showed very high interface state

N
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densities across the entire bandgap, unlike anodic films (Figure 2.12), On

n-type substrates, a preliminary analysis based on 1 MHz C-V data indicates
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that the mininmun interface state density of the plasma Si

3
. 11 -2 -1 . . .
approximately 3 X 10" cm eV 7, lower than that typical of either the anodic

N#/GaAs svstem is

oxide or the pyrolytic Si (Figure 2.12). Other studies [73] have obtained

- - - -
0cm 2 eV 1 near the mid-gap, increasing to ~1011cm AN 1

3Na
1
values of ~10
towards the conduction band edge.
The results obtained look promising for future work in MIS devices.
However, the plasma SiBNa films exhibited significant majority carrier trap-
ping and fixed charge at zero bias, as did the two other types of films stud-

ied. Also, the disagreement in Nss between p- and n-type samples is signifi-

cant and has yet to be resolved.
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3. PROPERTIES OF PLANAR P-N JUNCTIONS

In GaAs, the conventional p-type dopant has been Zn. There are,
however, problems associated with its rapid diffusion [12,14] which have led
to the investigation of alternative acceptors in GaAs. Considerable work
has been done using Be as an acceptor [28,75—791. While Be cannot be intro-
duced conveniently by diffusion, it can be incorporated either by ion
implantation or during molecular geam epitaxial growth [80]. Photolumines~
cence [76] and electrical [81] measurements on Be-implanted layers have
shown that this impurity is a shallow acceptor in Gads with an ionization
energy of 28.4 meV.

Since Be is a very light ion, it is ideally suited for fairly
deep implantation with less lattice damage than is typical of heavier ions.
Studies have been done to investigate the annealing properties of Be-implanted
Gads [28,79,82]. In these studies, photoluminescence has been used to show
that Be optical activation and amount of lattice recovery continuously
increase as the anneal temperature is increased from 600° to 900°C. This
is illustrated in Figure 3.1, where the integrated intensity of the Be-
related luminescence band at 1.493 eV is shown for various anneal tempera-
tures.

Effects of high temperature anneals on the Be impurity profiles
[82,83] show that while little diffusion occurs for low implant doses, con-
siderable redistribution is observed at high doses. This dependence is sum-
marized in Figure 3.2, where both electrical and atomic (SIMS) profiles are
shown for various doses. Diffusion is minimal for the lowest dose of 5 X

13 - . . :
3cm 2, which corresponds to a peak implanted Be concentration before

annealing of 1 X 1018cm-3. As the dose is increased, the distribution begins

10

to flatten out as Be diffuses toward the surface and deeper into the substrate
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1 . 1- .
during the anneal. The three lower doses of 5 X 10 3 to 2 X 107" result in

electrical activations of 90-100% of the implanted dose. For higher doses,
substantial outdiffusion of Be is observed as well as diffusion into the

substrate. The measured electrical activation decreases to 65% of the

1acm-2 dose and 50% for a 1 X 1015

<

implanted dose for a 5 X 10 cn < dose. How-

ever, the close agreement between the SIMS Be atomic distribution and the
electrical data for these doses indicate 85-100% of the Be present after

annealing is electrically active. The outdiffusion at the surface is first

observed when the Be concentration at the surface reaches ~1 X 1018cm-3.

It is possible to obtain higher peak concentrations and less dif-

fusion for the higher doses by annealing at lower temperatures. For example,
18 15
cm

<

-3 for the dose of 1 X 10 ~cm

19 -3
cm can be

while the peak concentration is 4 X 10
and an anneal at 900°C, a peak concentration of ~1.2 X 10
obtained with a 700°C anneal. The electrical activation after such an anneal
is 75%, as opposed to 50% after the 900°C anneal. As ment-ioned above, the
low activation of the 900°C anneal is due to the outdiffusion of Be. How-
ever, the photoluminescence studies show there is still considerable unan-
nealed lattice damage at the lower anneal temperatures.

The high electrical activation and good lattice recovery of the
Be-implanted layers make it an attractive alternative to Zn diffusion. Even
though there is considerable diffusion of the Be for high doses after anneals
at 900°C, the estimated diffusion coefficient is still approximately two
orders of magnitude lower than that for Zn diffused in GaAs at the same tem-
perature [79]. Be-implanted layers have also been shown to have high hole
mobilities [79,82], and p-n junctions formed this way have very good charac-
teristics [13,15].

The remainder of this section will deal with the fabrication and




Pl

properties of planar p-n junctions formed bv Be ion implantation.

3.1. Junction Fabrication

The diodes discussed in sections 3.2-3.4 were fabricated in =2pi-
taxially grown n-type GaAs on n+ substrates. With the exception of some of
the diodes in section 3.4, which were grown by liquid phase epitaxy (LPE),
all n-type layers were grown by vapor phase epitaxy (VPE).

After cleaning with organic solvents and deionized water, the sam-
ples were coated with a dielectric layer 800-1000% thick. The majority of

diodes were fabricated using Si deposited in the rf plasma deposition

34
system described in section 2.1, but some were fabricated using SiO2 for
comparison. ‘Next, to define the areas to be implanted, a thick (Q-Q%m) laver
of AZ1350J phatoresist was deposited using multiple spinning applications
with intermediate baking at 80°c. (A schematic cross section of the sample
at this point and others in the fabrication procedure is shown in Figure 3.3)
Then, 10 mil diameter circular areas were opened in the photoresist using
standard photolithographic techniques, and the dielectric layer in these cir-
cular areas was etched away. For the diodes discussed in sections 3.2 and
3.3, the dielectric layers were etched using a buffered etch consisting of
five parts of 40% NHAF solution and one part HF. The diodes in section 3.4

were fabricated using a CFA (Freon-14) plasma to etch the Si N4 layers.

3
Characteristics of diodes formed by these two methods had similar charac-
teristics; however, the yield of good devices was considerably higher when
the CF4 plasma was used. In addition, since the times necessary to etch
through the Si3NA layers with buffered HF were quite long (20-45 min.), prob-
lems with the photoresist lifting off were often encountered. Therefore,

use of the CF& plasma was much preferred.

After the holes were opened in the dielectric layer, Be implantation

|
'

-
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was performed with the -hick photoresist laver serving as a mask. For nost
of the work, :he p-tvpe lavers were formed v 3e-implanted at 250 keV to a
. 1. =2 . 15 =2 - - Cee o
dose of 1 X 107 cm " or 1 X 10 "em ~. Some Zn implants and diffusions were
also performed to compare the characteristics. The Zn diffusions wer: car-
. : . PN c o -
ried out in a sealed ampoule with a Znds, source at 300°C for 15 min. The

photoresist was removed before such diffusions.

The photoresist was removed after the implantation and an ~1000%
layer of a dielectric was deposited on both the front and back of the samples.
This laver together with the original dielectric layaer serve as the encapsu-
lant to protect the GaAs during the anneal. The samples were annealed for

30 min. at 800° or 900°C in flowing forming gas (4% H,

<

in N,). After

annealing, the dielectrié was removed from the back of the wafer and from

5 mil circular areas on the front. These 5 mil areas were defined using

‘photolithography within the 10 mil implanted regions. As before, either a

buffered HF etch or CFA plasma was used to remove the dielectric layers.
Ohmic contacts were formed to the n+ backside, using either evap-

orated Ag~Sn or Au-Sn, or electroplated Au-Sn. Contacts to the p+ regions

were made by evaporating Ag-Mn or Au-Zn, or electroplating Au-Zn. All meth-

ods used yielded good ohmic contacts, but the Ag based contacts, while
easier to evaporate, were prone to oxidation and more rapid degradation.
Some problems were also encountered evaporating the Au-Zn because of the
extreme difference in vapor pressures. All contacts were annealed in flow-
ing H2' The Ag contacts were annealed at 3300—3500C for ~1 min., and the
Au contacts were annealed at 360°-400°C for similar times.

Most of the device testing was done while the diodes were on the
wafer, but for some tests the diodes were cleaved apart and mounted on T0-18

headers. Some of the electrical and optical properties of these diodes will [




'.2. Zomparison of Bo=lmplantod, In-Implanted, ind In-Diffissd Planmar Diodes
To investigat: zhe "ol PliniT Be-i1mplantad ‘inctions, we
have used the procedurs descrided i "he procsding section to fabricans

planar p-n junctioas by 3¢ implantation, Zn implantation, and Zn diffusion.
: . . -~ +
These diodes were fabricazted in VPE n-type Gais grown on n  substrate mater-

. . . 16 =3 N
ial. The donor concentration of the n-type laver was ~2 X 10" cm 7. The ion

implantation was performed at room temperature for both the Be and Zn
. . . . 15 =2
implants. The Be implants were done at 250 keV to a dose of 1 X 10 Jem ,
3 22
and the Zn implants were done at 100 keV to a dose of 1 X lOljcm “. For both

dopants tf plasma deposited Si Na was used as the encapsulant for the post

3

implantation anneal. The samples were all annealed at 900°C for 30 min.

Ag-Mn and Ag-Sn were used to contact the p and n regions respectively.
The Zn diffusions were carried c¢.t in a sealed evacuated silica

ampoule with a ZnAs., source. Silicon nitride was used as the diffusion mask

2
during the 15 min., diffusion at 800°c.

Figure 3.4 shows typical current-voltage characteristics obtained
from point-by-point measurements made on Be-~implanted junctions. The for-

ward characteristics can be described by

If =1 exp(qV/nkT) (3.1)

12A

where the ideality factor n=2 and IdxlO- « As seen from the figure, the

reverse leakage current is less than-10-10A for reverse bias voltages up
to =60V, The breakdown is abrupt at -68V. This breakdown voltage is compar-
able to those reported by Miller and Casey [84] for junctions grown by LPE

on n~GaAs with similar doping levels. Leakage currents from other Be-

implanted devices in this mat=rial ranged from <0.lnA to ~lnA. The Be
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impurity profile for the junction of Figurs 3.4 is 2xpected teo be 2s32ntiz

lgcm-B, with an abrupt junction at ~l.3um !82].

flat at 4 X 10

For comparison with the Be-implanted junctiorns, typical I-V char-
acteristics obtained from Zn-implanted p-n junctions are shown in Figure 3.5.
The forward characteristics (n~l1.3) are similar to the Be-implanted devices.,
The reverse characteristics, however, are considerably different. The
reverse leakage current is excessively high,f~10_7A at only -10V. The
breakdown voltage is quite low (~12V) and relatively soft. While the implant
was shallower for the Zn-implanted diodes, the junction depth is actually
slightly deeper than that of the Be-implanted junctions because of the much
higher diffusion coefficient of Zn at the annealing temperature.

A typical I-V characteristic of a Zn-diffused device is shown in
Figure 3.6. The forward characteristics differ somewhat from the implanted
diodes, with n=l.4, The reverse leakage current is considerably lower than
the Zn-implanted devices, but not quite as low as the Be-implanted diodes.
The reverse breakdown voltage (~25V) is, however, considerably lower than
for the Be-implanted diodes.

It is clear that the I-V characteristics of the Be-implanted junc-
tions are far superior to those of the Zn-implanted junctions or the Zn-

diffused junctions.

3.3. Effects of the Encapsulant on Planar Be-Implanted Junctions

To study the effects of different encapsulants on the current-
voltage characteristics of planar GaAs diodes, devices were fabricated using
SiOz, oxygen-contaminated silicon nitride (SixOyNz), or "oxygen-free" SiBN&
as the encapsulant during the post implantation anneal. As discussed in

section 2,2, both SiO2 and SixoyNz allow Ga outdiffusion, while "oxygen-free"

S‘13N4 layers do not. The effect of this on the I-V characteristics of planar
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GaAs diodes is examined in this section.

All diodes for this work were fabricated in VPE grown n-tvpe GaAs
with a donor concentration of 1-2 X 1015cm-3. The epitaxial layers were
grown on n" GaAs substrates. The fabrication procedure discussed in section
3.1 was employed with the three different dielectrics used as the encapsu-
lants. All samples were implanted with Be at an energy of 250 keV to a dose

1 2

of 1 X 10 qcm_ . The anneals were all carried out at 900°C for 30 min. in

flowing forming gas. The contacts used for these diodes were Ag-Mn for the

"p-type regions and Ag-Sn for the n+ backside.

Typical I-V characteristics obtained from Be-implanted junctions
annealed with SiO2 encapsulation are illustrated in Figure 3.7. The reverse
leakage current is quite high, and these diodes exhibit relatively soft
breakdown characteristics. The voltage at breakdown is ~55V, which is low
for the lightly doped epitaxial layer. The forward characteristic is highly
nonlinear on the semilog plot of Figure 3.7 and cannot be described by the
usual diode equation. The inset in this figure shows the forward I-V char-
acteristic on a log-log plot, with a slope of unity for low values of cur-
rent. This linear I-V relationship indicates an ohmic leakage component of
current, which is also present in reverse bias.

Figure 3.8 shows typical current-voltage characteristics obtained
from Be-implanted junctions annealed with SixOyNz encapsulation. The pres-
ence and effects of oxygen in these films have been discussed in section 2.2.
Such films can easily be deposited inadvertently unless great care is taken
to eliminate oxygen from the deposition system [48]. The reverse leakage
current for these diodes is at least an order of magnitude lower than those

shown in Figure 3,7, which were annealed with SiO2 encapsulation. However,

the leakage current is still quite high, and there is an ohmic component
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evident in both the forward and reverse characteristics. The inset of
Figure 3.8 shows this component clearly on a log-log plot of the forward
characteristic.

By reducing the oxygen content in the deposition svstem, nigh

quality Si3N4 films which contain less than about one atomic percent oxygen

can be deposited [48]. The upgraded system of section 2.1.2 was used to

deposit these Si N4 films with approximately stoichiometric composition, as

3

measured by Rutherford backscattering (RBS), and any oxygen contamination
is below the ~1 atomic percent RBS detection limit. Current-voltage char-

acteristics obtained from a junction which was encapsulated with such Si N4

3

films during annealing are shown in Figure 3.9. The leakage current is
orders of magnitude lower than for the other encapsulants. Up to a reverse

1OA. The breakdown occurs

bias of ~80V the leakage current is less than 10°
at a voltage of ~240V. The forward characteristics can be expressed by the
conventional diode equation given in equation 3.1 where n=2 for Ifslo_gA and
n=l.6 for If>10_9A. The reverse leakage and breakdown properties are very
good for unguarded planar diodes. The breakdown may actually be occurring

as the depletion region reaches the n+ substrate. For a background doping

of 2 X 1015cm-3 and a reverse bias of 240V, the depletion width is approxi-
mately 13um. The thickness of the epitaxial layer is 12-15um. Measurements
performed on ~50 such diodes reveal a distribution of breakdown voltages over
the range of 170-250V. The inset of Figure 3.9 shows the predicted carrier
profile from previous studies [82].

The results of this study clearly demonstrate that when dielec-

tric layers which allow considerable outdiffusion of Ga, such as SiO2 and

SixoyNz [29], are used as encapsulants during annealing, the resultant Be-

implanted GaAs p-n junctions exhibit excessively high leakage currents. By
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minimizing such outdiffusion through the use of high quality SL N lawvers,
extremely low leakage junctions with good brezkdown characteristics can be

fabricated.

3.4, Planar Be-Implanted Avalanche Photodiodes

Using the fabrication procedure of section 3.1, planar p-n junc-
tions were formed in two types of Gads material, and the performance of these
junctions as photodiodes was investigated. Both types of Gads material used
were n on n' epitaxial material, one grown by liquid phase epitaxy (LPE) and

the other by vapor phase epitaxy (VPE). The LPE material had a uniform car-

. . 5 = . .
rier concentration of ~2 X 101 cm 3, and the background carrier concentration

14cm_3. The Be implants were done at an

energy of 250 keV to a dose of 1 X lolacm-z. These conditions result in a

18

of the VPE material was ~8 X 10
peak net carrier concentration of 1 X 10 cm_3 and a junction depth of ~1l.2um
[82]. For this study, all anneals were carried out at 800°C for 30 min.

The contacts were formed by electroplating Au-Zn and Au-Sn to the p and n

regions respectively and then alloying in a H, atmosphere. Electrical and

2
optical measurements on these diodes were done in cooperation with Professor

G, E. Stillman and R. A, Milano of the University of Illinois.

3.4.1. Electrical Characteristics
The reverse I~V characteristics of diodes fabricated from the two
types of epitaxial material are shown in Figures 3.10 and 3.11. The lower
curve in Figure 3.10 is representative of devices fabricated in the LPE
material. The upper curve represents one type of characteristic observed
for devices in VPE material. Other types of characteristics for devices in
VPE material with lower values of leakage current are shown in Figure 3.11.

For reverse bias voltages less than ~100V, the shapes of the curves in

. : e . e e
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Figure 3.10 are very similar. However, the magnitude of the leaka

(6%

for the devices on the VPE material is more than an order of magnitude higher

than for the devices on the LPE material. There is also a significant dif-

ference in the shape of the I-V characteristic of the VPE device for reverse

bias voltages greater than ~100V. 3Such changes occurring at different volt-

ages on different devices were commonly obscrved in the implanted VPY ‘unctions.
Also shown in Figure 3,10 is the reverse I-V characteristic for

the same LPE diode after a proton-bombarded [85] high-recsistance guard ring

was fabricated around the device. The guard ring was formed by masking a

circular region about 8 mil in diameter located within the implanted region

with thick photoresist. The device then received two damaging implant, first

2 13cm_2 dose of 150

a 2 X 10"%m~2 dose of 250 keV protons and then a 5 X 10
keV protons. This guarding procedure increased the breakdown voltage only
slightly (from about 124V to about 136V). It also caused a slight increase
in the leakage current, but no significant change in the shape of the curve.
Such an increase in leakage current has also been observed after the forma-
tion of proton-bombarded guard rings on Schottky-barrier devices. Presumably
the increased leakage current results from the collection of carriers gener-
ated in the depleted high-resistivity bombarded material. It should be
mentioned, however, that no attempt was made to optimize the proton bombard-
ment procedure in this work.

Reverse I-V characteristics for diffused GaAs devices have gener-
ally been ascribed to generation current in the depletion region [86-88].
However, this mechanism should result in a reverse current proportional to
V%. None of the diodes studied exhibited this behavior.

An examination of Figures 3.10 and 3.11 indicates that a difference

exists between the functional form of the reverse I-V characteristics for




the diodes fabricated from LPE and VPF material. AT vory Low Dlasos o0 o
~10V) all of the devices have an onmic componeat of leakage Currons. Near
breakdown, the current increases wverv rapidilv due to the rapid increase in
multiplication with small changes in bias., For intermediate bias wvoltages,
however, the leakage current for the LPE diodes varies as I“Va, where a=’,
while the diodes in the VPE nmaterial are described over some part of their
range by an exponential variation of current with voltage, Ixe”v.

Figure 3.12 is a log-log plot of the reverse I-V characteristics
of three Be-implanted LPE GaAs diodes for reverse bias voltages between 10
and 100V. This plot clearly shows the fornm Iav®, The two lower curves
represent data taken on the three diodes before guard rings were formed.

The lower curve is best described by a straight line with unity slope, while
the middle curve has a slope of ~0.7. After proton bombardment, the data
for all three devices can be described by a line of unity slope, as shown
by the uppermost curve in Figure 3.12. The reason for the existence of this
ohmic type of characteristic is not understood, although it may be related
to bulk and s.rface leakage paths in shunt with the device.

Figure 3.11 is a semi-logarithmic plot of the reverse I~V charac-
teristics for three Be-implanted VPE GaAs diodes. All of the devices show
an exponential dependence over a portion of the range of bias voltages. In
particular, two cf the devices have a very small ohmic component and exhibit
an essentially exponential dependence over almost the entire range of bias
voltages. Behavior similar to this was seen in the work of section 3.3. A
similar exponential increase of reverse current with voltage was observed in
early work on diffused GaAs p-a junctions and was attributed to the genera-
tion of microplasmas [89]. In the present work, however, there is no indi-

cation of the microplasma noise characteristic of this process, and there is
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no indication of local areas of high multiplication in optical scans of these
devices. It therefore seenms unlikely that microplasmas can explain the shape
of the I-V characteristics of these VPE diodes. The exponential increase mav
be due to a voltage-dependent emptying of traps.

The shapes of the reverse I-V characteristics are not understood
and need to be studied further. The ohmic component present to some =2xtent
on the VPE samples may be related to problems with the encapsulant, as men-
tiovned in section 3.3. The fact that not all devices have the same amount
of ohmic leakage may be due to localized problems such as pinholes in the
dielectric. The ohmic dependence of the LPE diodes may be caused by some
other mechanism, since they all have essentially the same form and magnitude.
Also, the magnitude of the leakage is considerably smaller than that of the
ohmic components of devices on VPE material.

The exponential dependence of the reverse bias current for the
VPE diodes also requires more study. The presence of the exponential depend-
ence seems at least partially related to the epitaxial material. This
dependence was not observed in any of the LPE material, nor was it seen in
the Be-implanted VPE material discussed in section 3.2. Although it is not

10,52 x 107%)

shown in Figure 3.4, devices with higher leakage currents (10
exhibited a saturation of leakage current up to near breakdown and r.o expo-
nential behavior.,

Preliminary studies have shown considerable difference between
Schottky~barrier devices formed on this VPE material before and after anneals
at 800° and 900°C. While this change may be related to problems with the

’

encapsulating layer, other tests of the Si3N4 encapsulant do not indicate

such problems.,

Some Deep Level Transient Spentroscopy (DLTS) measurements have




been made on Be-implanted diodes in VPE material, but the r2sults are {ncen-
clusive at present. There does appear to be a band of traps which may be
related to unannealed radiation damage. Photoluminescence studies flS,?Z
have shown continued improvement as annealing temperature increases, and
since these devices were annealed at 800°C, there is undoubtedly some damage
remaining. Problems with excessively high leakage currents for devices
annealed at 900°C prevented analysis of the higher temperature anneals.
Again, this problem may be related to the material and not just the encap-
sulant, as one might first suspect. Point contact breakdown voltage measure-
ments on this material yield considerably lower breakdown voltages than would
be expected for the measured carrier concentration.

Some problems have been encountered with contacts which may sug-
gest some type of barrier affecting the characteristics, but the exponential
behavior is also observéd in devices showing no signs of contact problems.
More work must be done before the nature of the characteristics can be under-

stood.

3.4.2. Optical Characteristics

In order to characterize the (optical) detection properties of
these devices, the spectral response, response time of the diode to a pulse
from a GaAs DH laser, and the noise were measured. In addition, a laser
scanner was used to examine the uniformity of the photoresponse and avalanche
gain.

The spectral response of a Be-implanted LPE diode is shown in Fig-
ure 3.13 for low (lower curve) and high (upper curve) bias voltages. At
low bias the external quantum efficiency is about 75% at 87508, and it
decreases rapidly to a value of only about 37 at 63288. The absorption edge

shifts to longer wavelengths for high bias voltages due to the Franz-Keldysh
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effect, and the peak response occurs at about 89003.

To investigate the reason for the rapid decrease in qguantum =ffi-
ciency at short wavelengths, an expression for the short-circuit current as
a function of illumination wavelength for a p+-n GaAs junction has been
derived by Milano [16]. The diffusion equation was solved in the undepleted
p* and n regions and, including the photocurrent generated in the space
charge region, subject to the appropriate boundary conditions. The result
[16] is

xL

n
sc olq -<12Ln2

[(SL /D) cosh(X,/L ) + sinn(X /L )] exp(-%X ) - Ean + (SL_/D )]
cosh(Xl/Ln) + (SLn/Dn) sinh(XI/Lﬁ3

MLP exp(—axz)
+OCLn exp(-—\rxl) - 1 _Hpr - [exp(-mxl) - exp(-mXZ)] (3.2)

where K is the quantum efficiency, Io is the incident photon flux, X1 is the
junction depth, XZ—X1 is the depletion layer width, and the other symbols
have their usual meanings. In deriving this equation, recombination in the
depletion region and at the layer~substrate interface was neglected, but
front surface recombination was taken into account by the surface recombina-
tion velocity S.

The experimental data (broken curve) and spectral response curves
(solid curves) calculated using equation 3.2 for S=103cm/sec. and S=106cm/sec.
over a range of photon energies from 1.41 to 2.1 eV are shown in Figure 3.14.
The value of X1 (1.%um) is consistent with measured impurity profiles [82]
for the implant procedure employed here; the XZ-XI (3.%ym) corresponds to
the depletion layer width measured by C-V analysis. The surface recombina-

tion velocity has only a secondary effect on the spectral response in Figure
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3.14. The parameter of primary importance in determining this fit is the
electron diffusion length in the heavily doped implanted region. When larger
values of Ln were used, it was impossible to adjust S or the other parameters
to obtain the rapid decrease in spectral response at short wavelengths. An
electron lifetime 7é=Ln2/Dn of approximately 6 psec. is calculated from the
curve fitting parameters. This rather short lifetime suggests that not all
of the damage introduced by the implant has been removed by the 800°C anneal.
Another factor which may make this lifetime appear to be so short is the
doping profile. In the calculations a uniform doping profile was assumed,
whereas the actual profile dips at the surface. This dip produces an essen-
tially "dead layer" at the surface and would make the overall lifetime appear
shorter than it actually is.

The photoresponse of a planar diode, obtained with a laser scan-
ner using 63288 radiation, is shown in Figures 3.15(a) and (b) [16}. Figure
3.15(a) shows the spatial variation of the photoresponse at low bias after
the formation of a proton bombarded guard ring. The position of the Au-Zn
ohmic contact and the shadowing of the 1 mil Au wire is evident in this fig-
ure. The small response at the perimeter of the device indicates the loca-
tion of the original Be~implanted 10 mil diameter region. A comparison of
the two line scans across the active part of the device at low and high bias
in Figure 3.15(b) shows that this diode has an average gain greater than 10.
Diodes fabricated by this process have typically exhibited gains of 10-15.
The response and gain at the periphery of the unguarded junction apparently
result from imperfect guarding and a h@gh-field region at the edge of the
device. However, there is never any indication of microplasmas that could
be limiting the avalanche gain. It is possible that there are microplasmas

or leakage breakdown regions under the ohmic contact which are shielded from




(a)

(b)

Figure 3.15. (a) Photoresponse as a function of position
across the photodiode using 63288 laser emission;
(b) Photoresponse at =70V bias (M=1) lower
curve and -135V (M~10) upper curve [16].




the laser scanner. At still higher bias voltages, the avalanche gain
saturates and the dark current increases very rapidly. 3Scans of dewvices
without proton bombarded guard rings show considerable response at the edge
of the junction. It is believed that this is due to poor sensitivity of
the relatively deep (1.%pm) junction to the 63288 light. The edge of the
junction comes up to the surface and is much more sensitive to the laser
light.

The response of a Be-implanted LPE detector to 83008 radiation
from a pulsed GaAs DH laser is shown in Figures 3.16(a)-(c) for three dif-
ferent bias levels. At the lowest bias level there is a slow component due
to diffusion ("<7ns) and a fast component (7£lns) due to generation in the
depletion region. For bias voltages in excess of ~100V the risetime is
independent of bias voltage and is about 500 psec. This is approximately
the RC-limited risetime for this detector because of the capacitance of the
relatively large-area device (A=5 X lo_acmz) and the stray capacitance of
the TO-18 header and leads. The ringing observed in Figure 3.16 is from
the laser itself, and is not caused by the detector.

Noise measurements have also been performed on these devices [16].
For bias voltages up to 0.8 of the breakdown voltage, the measurement was
limited by the noise of the detection amplifier. At voltages greater than
this, the noise iacreased monotonically because of the avalanche multiplica-
tion. The noise is larger than the ideal shot noise for such a device,
Ln2=2qIB, but less than the ideal multiplied shot noise 2qIBM2. This is
probably due to the contribution of amplifier noise and the low values of
multiplication used in these measurements.

In general, the properties of the avalanche photodiodes look prom-

ising, considering the fact that doping levels and junction depths were not




(a)

(b)

(c)

Figure 3.16. Response of a Be-implanted LPE GaAs nhotodiode to
a pulse from a GaAs DH laser operating at 8300R.
() Viiag™5V3 (D) Vo, ==135V; () V. =-150v [16].
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response at short wavelengths, which must be investigat=4

3.5. Lateral Diffusion 3tudies
An extremely important consideration when fabricating integrated
circuits with fine linewidths is lateral diffusion under the mask. It has

12

[l |

been shown that when Zn is diffused in III-V compounds with either Si0,

'
-

or Si [14] as a mask, considerable lateral diffusion occurs. It is likely

BNA
that this is due in part to strains present at the semiconductor-dielectric
interface. To investigate the lateral diffusion effects in Be-implanted

GaAs, we have fabricated junctions with various spacings. Stripes of 10um
width with spacings between stripes of lum, 2.5um, 5Sum, 1lO0um, and 20um were

opened in the Si Na using electron beam lithography [13,90]. Be was implanted

3
in the 10um stripes at 100 keV. After annealing at 900°C for 30 min. with
Si3N4 encapsulation, the encapsulant was removed and the surface p and n

regions were delineated by a selective etch (3 parts hHNO 4 parts H.O, and

3’ 2
1 part HF). A micrograph of the resulting structure is shown in Figure 3.17.
The p and n regions are clearly visible and the int.grity of the n regions
are maintained, including the yum wide region, This suggests there may be
very little lateral diffusion in Be-~implanted GaAs junctions. The procedure
used to delineate the regions in Figure 3,17 is not definitive, however.,
Currently, other types of measurements are being attempted to further inves-
tigate the lateral diffusion properties. One such measurement uses a scan-

ning SIMS system to compate thin Be-implanted regions before and after high

temperature anneals.
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Figure 3.17. Micrograph of a Be-implanted GaAs surface with

various spacings between 10um wide implanted
stripes. The width of the interspersed n-type
regions are lum, 2.5um, ﬁpm, 1Qum, and 20um [13].
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4. SUMMARY AND CONCLUSIONS

In this work, photoluminescence and Auger electron spectroscopy
(AES) have been used to study the encapsulating properties of Si0,, oxvgen-

contaminated Si N

3N, and "oxvgen-free' Si_N, on Gads. Properties of the

374

“oxygen-free” Si3NA films and the rf plasma deposition system used to deposit
them have been presented. Current-voltage measurements were used to evalu-
ate the quality of planar p-n junctions in GaAs formed by ion implantation

of Be. The effects of various encapsulants on the I-V characteristics

were also studied. Finally, various optical measurements were performed to
characterize the detection properties of the Be-implanted planar p-n junc-
tions. In the following sections the results and conclusions of these

studies are summarized and suggestions for further investigations are pre-

sented,

4.1. Encapsulation Studies

Earlier work by Gyulai et al. [30] using proton backscattering
found that when GaAs is annealed with SiO2 as an encapsulant there is con-
siderable outdiffusion of Ga through the encapsulant. This work further
substantiates that result by using photoluminescence and AES to study the
outdiffusion. In addition, both photoluminescence and AES indicate that
when Si3Na having a very low oxygen content (£1 atomic percent) is used as
an encapsulant, negligible Ga ocutdiffusion occcurs. The studies also show
that if the nitride contains higher levels of oxygen, the resulting SiXO Nz
no longer serves as a good encapsulant, but allows considerable outdiffusion
of Ga, as observed for SiOz. It is not known if there is a threshold of
oxygen content in Si3Na above which Ga outdiffusion occurs or if the Ga out-

diffusion simply decreases with the oxygen content of the film. The latter




case seems more likelw, but further studies with 531N Iavers deposited witch
various lewvels of oxygen content would be needed Zo resolwve Zhis

and the nechanism for the Ga outdiffusion.

=
1

In addition to the photoluminescence and AES work, studies o
planar Be-implanted p-n junctions illustrated that the encapsulants exhibiz-
ing Ga loss during annealing vield a much higher reverse leakage current

than the "oxvioen-frea" Si NQ. A large ohmic component is evident in both

3

the forward and reverse I-V characteristics of devices which employed Si0,

or oxvgen-contaminated Si NQ as the encapsulant for the post implant anneals.

3
Leakage currents for devices fabricated using "oxygen-free" Si3N4 are many
orders of magnitude lower than for those fabricated using SiOZ or oxygen-

contaminated Si It is therefore important to use Si3NA deposited in a

BNA'
manner which yields an essentially oxygen~free film for encapsulating Gads
during high temperature annealing.

The importance of having "oxygen~free" S5i N4 is not restricted to

3
applications where it is used as an encapsulant for annealing. It has been
shown in this and other studies [73,741 that Si3N4 films used in MIS struc-
tures must also be "oxygen-free'" to obtain the best results.

It is possible to deposit Si3N4 layers with negligible oxygen con-
tent by rf plasma denosition if proper care is taken. Since the affinity of
Sin for oxygen is orders of magnitude higher than for nitrogen, it is imper-
ative that oxygen be kept from the system and that the silane be introduced
it side the rf excitation region. Such a system was developed and used in

Wi T e

The rf plasma deposition system used here is leak-tight and employs

+ - -rovon “rapped oil diffusion pump to evacuate the system before

~.%ropen discharge is used prior to the deposition to "scrub"




the walls and help remove oxvgen from the svstem. The 3ases (N, and 2% Sin
in Ar) are introduced separately. The Sii-L4 is brought in below the rf coil
and just above the sample. This configuration is used to reduce the oxvgen
in the film by not passing the SiH4 through the rf coil, thus decreasing the
probability of silane reacting with residual oxygen in the chamber, A simi-
lar system, in which the gases are all brought into the top of the chamber
and are passed through the rf coil, deposits Si3Na layers with considerably
higher oxygen levels. Finally, ultra high purity NZ is used as a source of

nitrogen rather than NH, since it can be obtained in a more purified form

3

and is easier to handle than NH3.

Films can be deposited over a wide range of temperatures (250-
AOOOC) and flow conditions. By varying the flow rates of the gases, films
with Si:N ratios of 0.71 to 1.59 and refractive indices from 1.96 to 2.59
are obtained. The index of refraction varies linearly with composition and
for "oxygen-free" films can be used as a simple measurement of composition.
A stoichiometric ratio of Si:N (0.75) is obtained in our system when the
ratio of the flow rates (NZ:SiHA) is 250. The exact flow rates necessary
to obtain this ratio will vary for different systems, but the dependence of
properties on flow rates is expected to be similar for all systems with
this configuration. It is evident that this type of system is very versa-
tile and can be used to deposit "oxygen-free" Si_N, layers for use in

374

encapsulation of GaAs and other III-V compounds and for use in MIS devices.

4.2. Planar P-N Junction Studies
High quality planar p-n junctions have been fabricated in GaAs by
Be implantation. Junctions with reverse leakage currents less than 10_10A

at 60-80V have been obtained in VPE grown GaAs for 10 mil diameter diodes.

High breakdown voltages, comparable to those reported for LPE grown junctions




:84} and theoretically calculated for abrupt junctions i?l}, have teen
achieved.

Planar junctions fabricated using Zn implantation and Zn diffusion
vield devices with much lower breakdown voltages (15 to 20V) than Be-
. implanted junctions in similar material. The Zn-implanted devices exhibit
reverse leakage currents many orders of magnitude higher than the Be-
implanted devices, and leakage currents for Zn-diffused devices are compar-
able or slightly higher than the Be-implanted case.

The quality of the devices obtained is very sensitive to the encap-
sulant used during annealing. Diodes fabricated identically except for the
encapsulant exhibit leakage currents orders of magnitude higher when encap-

sulants permitting Ga outdiffusion are used (Si0O, and oxygen-contaminated

2

Si3N4). These junctions contain a large ohmic component in both the forward

and reverse directions for low currents. It seems likely that this component

could be related to surface leakage paths introduced by the loss of gallium

from the surface. Devices with "oxygen-free" Si3N4 used as an encapsulant
exhibit little or no ohmic leakage.

Ion implantation of Be has been used to fabricate planar avalanche
photodiodes in both LPE and VPE GaAs layers. These diodes have low leakage
currents and gains of 10-15. The diodes have a peak quantum efficiency of
about 75% and an RC-limited risetime of approximately 500 psec.

There are differences in the functional form of the reverse cur-
rent characteristics of devices in LPE and VPE layers which are not under-
stood. The devices fabricated in LPE material exhibit an ohmic reverse
leakage current over almost their entire range. An ohmic component was also

observed in VPE diodes in which encapsulants permitting Ga outdiffusion were

. used; however, this dependence was not observed over the entire range of




reverse voltage. The magnitude of the reverse current 1s also orders of
magnitude lower for the LPE diodes than it was for VPE diodes with poor
encapsulation. It therefore seems unlikely that the ohmic character of the
reverse current in the LPE photodiodes can be attributed to poor encapsula-
tion and resulting surface leakage paths. It is more likely that other bulk
and surface leakage paths not related to Ga outdiffusion are responsible.

Photodiodes fabricated in VPE layers display an exponential reverse
leakage over some portion of the reverse voltage characteristics. 1In early
work on diffused GaAs p-n junctions, this type of behavior was attributed
to the generation of microplasmas [89]. In this work, however, there is no
indication of this process, and there is no indication of local areas of
high multiplication in optical scans of these devices. It therefore seems
unlikely that microplasmas can explain the shape of the I-V characteristics
of these VPE diodes. More work is necessary to determine the nature of the
current generation mechanism. Preliminary studies of annealing properties
of the VPE material used to fabricate the photodiodes indicate that there is
considerable difference in Schottky-barrier diode characteristics formed on
the material before and after anneals at 800° and 900°C. This indicates
that there may be some problems with the material, and this exponential cur-
rent behavior may be related to this particular material rather than VPE or
implanted material in general. Some DLTS studies have been initiated on
these diodes, and early results indicate there is a band of traps which may
be related to unannealed implantation damage for these 800°C anneals. It
may be that the exponential behavior is related to a voltage dependent empty-
ing of traps.

The spectral response of the avalanche photodiodes drops very rap-

idly at shorter wavelengths. While the fact that the junctions are deeper




(1.%um) than is desirable for optimum response contridbutes to this decrease,
calculations indicate the primary cause is a very short minority carrier
diffusion length in the implanted material. This could be caused bv unan-
nealed Jdamage. Since it has been shown that implantation damage from Be
continues to anneal at temperatures up to 900°%¢ [82], damage clearly remains
after the 8OOOC anneals used for this photodiode work. Problems with high
leakage currents for devices annealed at 900°C prevented comparisons of
their spectral response with these devices. Another factor which would
influence the spectral response and was not taken into account in the cal-~
culations was the possible existence of a "dead" layer at the surface due to
the drop in the doping profile near the surface. This would add to the drop
in spectral response and make the minority carrier diffusion length seem
shorter than it actually is.

Further work should be done to understand the réverse current
characteristics and optical properties of these devices more fully. Some
possible studies which could lead to a better understanding are:

1. Devices with several different diameters should be fabricated.

This would indicate if the majority of the leakage current
comes from bulk or edge effects, depending on whether the cur-
rent changes as the area or circumference of the device.

2. Mesa~etching should be used to fabricate diodes formed by
implanting the entire surface, to determine if characteristics
are related to the implantation itself or the fact that the
implantation was done through a mask.

3. Implantation should be carried out through a Si N4 layer, or

3

alternative alignment procedures should be used so that no

Si3Na layer need be deposited and removed before implantation.
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This experiment would determine the effect of using Si .\'4 lav~

3
ers, meeting at the point where the junction reaches the surface.

4. Photodiodes with shallower junctions and uniform doping profiles

should be fabricated to investigate the detection properties of
devices with a more optimum doping profile.

5. DLTS studies of devices fabricated by various procedures should

be used to investigate the effect of the procedures on traps.

6. Further investigations should be carried out on the VPE mater-

1al to determine its quality and any problems associated with
its annealing behavior.

Some work has also been done to study the lateral diffusion of
implanted Be, and these results indicate minimal lateral diffusion under
nitride masks of the type described here. More work is required, however, to
determine the actual extent of lateral diffusion under various processing
procedures.

In conclusion, it has been shown that properly deposited Si3N4
layers serve as good encapsulants for annealing GaAs at high temperatures,
whereas SiO2 and 513N4 with high levels of oxygen content are unacceptable
for this purpose. Also, while work still needs to be done, it is clear that

high quality planar p-n junctions can be fabricated in GaAs by ion implanta-

tion of Be.
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